To examine how small structural changes influence the reactivity and magnetic properties of biologically relevant metal complexes, the reactivity and magnetic properties of two structurally related five- N 3 (Pr,Pr))]PF 6 (1), a nitrile hydratase model compound previously reported by our group, except it contains one fewer methylene unit in its ligand backbone. Removal of this methylene distorts the geometry, opens a S−Fe−N angle by ∼10°, alters the magnetic properties by stabilizing the S ) 1/2 state relative to the S ) 3/2 state, and increases reactivity. Reactivity differences between 3 and 1 were assessed by comparing the thermodynamics and kinetics of azide binding. Azide binds reversibly to both (Et,Pr)-3 and (Pr,Pr)-1 in MeOH solutions. The ambient temperature K eq describing the equilibrium between five-coordinate 1 or 3 and azide-bound 1-N 3 or 3-N 3 in MeOH is ∼10 times larger for the (Et,Pr) system. In CH 2 Cl 2 , azide binds ∼3 times faster to 3 relative to 1, and in MeOH, azide dissociates 1 order of magnitude slower from 3-N 3 relative to 1-N 3 . The increased on rates are most likely a consequence of the decreased structural rearrangement required to convert 3 to an approximately octahedral structure, or they reflect differences in the LUMO (vs SOMO) orbital population (i.e., spin-state differences). Dissociation rates from both 3-N 3 and 1-N 3 are much faster than one would expect for low-spin Fe III . Most likely this is due to the labilizing effect of the thiolate sulfur that is trans to azide in these structures.
Introduction
Enzymes catalyze reactions by holding a reactant in a near transition state. Proteins play a critical role in this by, for example, constraining geometries and/or providing a reaction cavity that contains appropriately charged or H-bonding residues, positioned so as to stabilize a specific structure. With metalloenzymes, this more reactive state is referred to as an entatic 1,2 or rack state. 3, 4 The classic example of a metalloenyzme in an entatic state is blue copper proteins. With blue copper proteins electron transfer rates are enhanced as a consequence of protein constraints that hold the Cu(II) metal ion in a highly distorted geometry. 5 The thermodynamics of reduction also become more favorable as a consequence of these constraints. With metalloenzymes involved in binding and activating substrates, it is possible that the protein increases reactivity by constraining angles so as to make a metal ion more reactive. However, deviations from idealized geometries (i.e., angle distortions) generally result in structures which are less stable, and therefore more difficult to isolate outside of a protein environment. Ligands capable of imposing constrained geometries require careful design, aided by three-dimensional structure programs (e.g., SPARTAN), and require multistep syntheses, involving protection and deprotection of sulfur when thiolates are incorporated.
Examples of synthetic systems that display enhanced reactivity as a consequence of ligand constraints include Stack's peralkylated diamine ligated binuclear copper complex, which cleaves the O-O bond of dioxygen. 6 Stack has also shown that subtle structural changes involving the incorporation of a methoxy substituent into a tris(2-pyridyl)-carbinol ligated Cu complex dramatically alters ligand exchange behavior. 7 Lippard and Karlin have shown that steric constraints control the reactivity of Fe(II) complexes with CO. 8 Busch has shown that the propensity for transitionmetal macrocyclic complexes to bind additional ligands is dramatically altered by changing the size of the macrocycle. 9 And finally, Borovik recently demonstrated that when bulky groups containing H-bonding donors are incorporated into an encapsulating ligand, stable Fe III -OH and Fe-oxo species can be isolated. 10 The coordinatively unsaturated Fe(III) complex [Fe(III)-(S 2 Me2 N 3 (Pr,Pr))]PF 6 (1) was synthesized as a model for the metalloenzyme nitrile hydratase (NHase) 11 and was shown to possess an open angle (S-Fe-N amine ) 132.3(1)°) as a consequence of ligand constraints. 12 The ligand backbone of 1 (referred to as (Pr,Pr)) is derived from N-(3-aminopropyl)-1,3-propanediamine. Nitric oxide 13 and azide 12 bind to the open angle of 1 to afford models for both the NOinactivated 14,15 and azide-inhibited 16 forms of NHase, respectively. Compound 1 does not readily bind nitriles, the substrate of NHase, at ambient temperatures, however. In an attempt to increase reactivity, a methylene unit was removed from the (Pr,Pr) ligand backbone of 1. It was reasoned that a shorter ligand would be incapable of supporting the idealized 120°angles expected for a trigonal bipyramid, resulting in an even more distorted structure. Herein, we describe the influence that this small perturbation to ligand structure has on the structural, magnetic, and reactivity properties of a thiolate/imine chelated Fe(III) complex.
Experimental Section
General Methods. All manipulations were performed using Schlenk line techniques or in a glovebox under an atmosphere of N 2 . Reagents and solvents were purchased from commercial suppliers. MeOH (Na) and MeCN (CaH 2 ) were dried and distilled before use. Infrared spectra were recorded as KBr pellets on a Perkin-Elmer 1600 FTIR spectrometer. NMR spectra were recorded on an AF300 spectrometer at ambient temperature. 31 P NMR shifts are cited relative to 85% H 3 PO 4 . UV/vis-near-IR spectra were recorded on a Hewlett-Packard 8450 diode array spectrophotometer. Cyclic voltammetry experiments were performed using a PAR 273 potentiostat with a glassy carbon working electrode, a platinum wire counter electrode, an SCE reference electrode, and a 0.1 M solution of [CH 3 (CH 2 ) 3 ] 4 N(PF 6 ) supporting electrolyte in MeCN. The ferrocene +/0 couple was +400 mV under these conditions. Magnetic susceptibility measurements in the solid state (polycrystalline sample) were performed using a Quantum Design MPMS SQUID susceptometer (H ) 1000 G) at Michigan State University. Solution magnetic moments were determined on an AF300 NMR spectrometer using the Evans method, as modified for superconducting solenoids. 17 Van Geet's method was used to determine the temperature of the measurement. 18 Diamagnetic corrections were taken from the literature. 19 EPR spectra were recorded on an EPX Bruker using the following glasses and temperatures: 1: CH 2 Cl 2 / toluene (1/1), 125 K; 3: CH 2 Cl 2 /toluene (1/1), 150 K; 1-N 3 and 3-N 3 : CH 2 Cl 2 /toluene (1/1), 130 K; 2: MeOH/EtOH (9/1), 141 K. The following parameters were utilized: microwave frequency ) 9.395 GHz for 1, 9.380 GHz for 1-N 3 , 9.404 GHz for 2, 9.390 GHz for 3, 9.375 GHz for 3-N 3 ; microwave power ) 6.331 mW for 1, 1-N 3 , and 3, 12.631 mW for 2, 0.633 mW for 3-N 3 ; modulation amplitude ) 5.00 G for 1, 1-N 3 , 3, and 3-N 3 , 3.00 G for 2; modulation frequency ) 10.00 kHz for 1, 1-N 3 , 3, and 3-N 3 , 100.00 kHz for 2; receiver gain ) 1.59 × 10 5 for 1 and 3, 1.26 × 10 5 for 1-N 3 and 3-N 3 , 1.00 × 10 5 for 2. Elemental analyses were performed by Atlantic Microlab, Norcross, GA.
Preparation of Compounds. Synthesis of [Fe(III)(S 2
Me2 N 3 -(Et,Pr))-S pers ]PF 6 (2) from (A) FeCl 2 . A MeOH solution (30 mL) of NaOH (800 mg, 20 mmol) and 3-mercapto-3-methyl-2-butanone 20 (2.364 g, 20 mmol) was added dropwise to a MeOH solution (40 mL) of FeCl 2 (1.266 g, 10 mmol). After 15 min, N-(2-aminoethyl)-1,3-propanediamine (1.172 g, 10 mmol) was added. The mixture was stirred for 5 h, at which time FeCp 2 PF 6 (3.476 g, 10.5 mmol) was added. After stirring for ∼60 h, the mixture was evaporated to dryness under vacuum. Recrystallization from MeCN/ Et 2 O (10:1) afforded 0.990 g (1.8 mmol) of crystalline 2. Electronic absorption spectrum in MeOH, λ max , nm ( , M -1 cm -1 ): 211 (15 500), 300 (9400), 553 (1950 (30 mL) of NaOH (800 mg, 20 mmol) and 3-mercapto-3-methyl-2-butanone 20 (2.364 g, 20 mmol) was added dropwise to a MeOH solution (40 mL) of FeCl 3 (1.622 g, 10 mmol). N-(2-aminoethyl)-1,3-propanediamine (1.172 g, 10 mmol) was added after 15 min of stirring. Thereafter, KPF 6 (2.1 g, 11.4 mmol) was added. After the mixture was stirred for ∼90 h, it was evaporated to dryness under vacuum and worked up as described in method A (FeCl 2 ). Yield: 0.680 g (1.24 mmol). This material is spectroscopically identical to the product of reaction A. Azide Binding Studies. Azide binding studies were performed using freshly prepared solutions of 3 (1 mM) and tetra(n-butyl)-ammonium azide in MeOH. Solutions were maintained at a constant ionic strength (I ) 0.06 M) using an appropriate amount of tetra-(n-butyl)ammonium nitrate. All concentrations were corrected then for changes in the density of MeOH upon cooling as previously described. 21 After mixing, solutions containing varying amounts of azide were then transferred into a custom-designed lowtemperature quartz optical Dewar. The amount of tetra(n-butyl)-ammonium azide was selected such that 20%-80% of the iron complex was azide-bound. This range gave the least amount of error when calculating equilibrium constants. Equilibrium constants were determined at five different temperatures using the appropriate cryogen (ice-water (0°C), ethylene glycol/CO 2 (-15°C), CCl 4 / CO 2 (-23°C), and MeCN/CO 2 (-46°C)). To minimize the error in K eq calculations, absorption spectra were recorded at the wavelength (551 nm) that gave the greatest difference between unbound and bound species, [Fe(III)(S 2 Me2 N 3 (Et,Pr))]PF 6 (3) and
Me2 N 3 (Et,Pr))]PF 6 (3) at I ) 0.06 mol/L was found to be 1590 ( 35 M -1 cm -1 at 22, 0, and -15°C. It was 1567 ( 30 M -1 cm -1 at -23°C and 1475
Me2 N 3 -(Et,Pr))(N 3 )] (693 ( 25 M -1 cm -1 ) was determined using 60 equiv of tetra(n-butyl)ammonium azide, where complete binding is observed at all of the temperatures investigated. Equilibrium constants were calculated using eqs 1 and 2 22 and determined to be
K eq (-46°C) ) 4950 ( 800 M -1 . Thermodynamic parameters ∆H ) -7.5 ( 0.6 kcal/mol and ∆S ) -16.6 ( 2.5 cal/(mol K) were determined from a van't Hoff plot.
Kinetic Measurements. Kinetic measurements were performed using an OLIS RSA monochromator attached to an OLIS USA stopped-flow mixing device. The rates of azide binding to 1 and 3 were measured in methanol, acetonitrile, or methylene chloride. One milimolar solutions of 1 and 3 were injected into an equal volume of a n Bu 4 NN 3 (300 mM) solution in the same solvent at ambient temperature. Rate constants (k on ) were determined by fitting the kinetic trace to a first-order rate constant. Dissociation rate constants in MeOH were then determined according to where K eq is the equilibrium binding constant at room temperature.
X-ray Data Collection and Structure Solution and Refinement. X-ray quality crystals of 2, 3, 3-N 3 , and [Fe(II)(S 2
Me2 N 3 -(Et,Pr))] were grown by slow diffusion of Et 2 O into an MeCN solution inside a glovebox. Crystals were immersed in Paratone 8277 oil (Exxon), mounted on a glass fiber, and then immediately placed in a low-temperature N 2 (g) stream. X-ray data for 2, 3, and 3-N 3 were collected at -112°C using a Nonius Kappa CCD diffractometer (Mo KR, λ ) 0.710 70 Å). The structures were solved by direct methods (SIR 92) 23 and refined with SHELXL97. 24 X-ray data for [Fe(II) (S 2 Me2 N 3 (Et,Pr))] was collected at -90°C using an Enraf-Nonius CAD4 diffractometer (Mo KR, λ ) 0.709 30 Å). Data indexing, integration, and scaling for [Fe(II)(S 2 Me2 N 3 -(Et,Pr))] was carried out using XCAD4 software. The refinement was performed using SHELXL97. Compound 2 was found to be in a noncentrosymmetric space group (Cc, No. 9). However, its absolute structure parameter was found to be 0.491(14), indicative of racemic twinning. Compounds 3, 3-N 3 , and [Fe(II) (S 2 Me2 N 3 -(Et,Pr))] were found to crystallize in centrosymmetric space groups, containing both enantiomers in a 1:1 ratio. Cationic 3 (Figure 2 ) was located on a crystallographic 2-fold axis which bisects the S1-Fe-S1′ angle. Amine nitrogen N2 was found to lie 0.51 Å away from this 2-fold axis, and as a result, N2 and the ethyl and propyl carbons (C7, C14, C15) were found to be disordered, with a 50% occupancy factor. Most of the molecule was not affected by this disorder, however. Atoms C1-C6, N1, and S1 were given site occupancies of 1.0. Within the disordered portion of the ligand backbone, the mean C-C (C14-C15 ) 1.555(8) Å, C6-C14 ) 1.431(7) Å, C6-C7 ) 1.634(8) Å) and C-N (N2-C15 ) 1.502-(7) Å, N2-C7′ ) 1.520(8) Å) distances are typical (within 3σ), indicating that the disorder was modeled appropriately. An ORTEP diagram ( Figure S-8 [
Results and Discussion
Influence of Amine Ligand on the Product of MetalTemplated Synthesis. As shown previously by our group, N 3 (Et,Pr))-S pers ]PF 6 (2), is obtained (Scheme 1b), instead of the expected five-coordinate analogue of 1. Persulfide-ligated 2 is the only isolable product in this reaction. Its synthesis is highly reproducible, and yields are always less than 50%. The Fe-(II) precursor to 2, [Fe II S 2 Me2 N 3 (Et,Pr)], is five-coordinate, and lacking the extra alkyl persulfide sulfur, and can be isolated as a crystalline product prior to oxidation with ferrocenium. This reduced compound is extremely air sensitive, making further characterization impossible. Oxidized 2 is irreversibly reduced (E p ) -790 mV vs SCE), suggesting that an irreversible reaction, possibly desulfurization, occurs following its reduction.
Although there are numerous examples of transition-metal compounds containing an η 2 -coordinated disulfido (S 2 2-) ligand, [25] [26] [27] [28] [29] [30] [31] [32] there are only a small number known to contain an η 2 -coordinated alkyl persulfide (R-S 2 -) ligand. [33] [34] [35] Most of these were prepared via the alkylation of a disulfido ligand. 34, [36] [37] [38] [39] Of the known η 2 -alkyl persulfide complexes, only three, containing either a second (Mo) or third (W, Os) row transition metal, were stable enough to be crystallographically characterized. 35, 36, 40 Table 2 ). The iron-thiolate distance Fe-S2 (2.169(1) Å) is rather short for a low-spin, six-coordinate Fe(III) complex. 12, [41] [42] [43] [44] [45] [46] [47] The iron-persulfide distances are also unusual in that the bond to the anionic sulfur (Fe-S3 ) 2.369(1) Å) is longer, as opposed to shorter, than the bond to the neutral sulfur Fe-S1 ) 2.221(1) Å). With side-on alkyl peroxide complexes (e.g., Ti(η 60 the opposite is true; i.e., the bond to the terminal 
Enhancing ReactiWity Wia Structural Distortion
anionic oxygen is the shorter of the two M-O bonds. The persulfide S1-S3 distance (2.011(1) Å), on the other hand, does not differ from previously reported transition-metal η 2 -alkyl persulfide structures (mean ) 2.02(1) Å). 35, 36, 40 This distance is, however, slightly shorter than the average S-S distance (2.05(1) Å) in R-S 8 . (Figure 2 ) was located on a crystallographic 2-fold axis which bisects the S1-Fe-S1′ angle. Amine nitrogen N2 was found to lie 0.51 Å away from this 2-fold axis, and as a result, N2 and the ethyl and propyl carbons (C7, C14, C15) were found to be disordered, with a 50% occupancy factor. One of the symmetryequivalent molecules contains the ligand backbone C6-C7-N2′-C15′-C14′-C6′, while the other contains C6-C14-C15-N2-C7′-C6′ ( Figures S-8 and S-9 ). This disorder is confined to the asymmetrical region of the ligand backbone, however, so that most of the molecule remains unaffected; four out of five of the coordinated atoms are not disordered. Atoms C1-C6, N1, and S2 were given site occupancies of 1.0. As shown in the ORTEP diagram of Figure 2 , the Fe-(III) ion of (Et,Pr)-ligated 3 is contained in a highly distorted geometry, which lies approximately halfway between trigonal bipyramidal and square pyramidal. N 3 (Et,Pr)]. Removal of the persulfide sulfur from 2 also causes the bond distances to decrease, but less substantially than with oxidation (Table 2 ). This reflects the expected differences between six-and five-coordinate structures. Removal of a methylene unit from the ligand backbone of 1 also causes the metal-ligand bond distances to decrease (Table 2) . For example, the mean Fe-S and Fe-N imine distances shorten by 0.03(2) and 0.04(1) Å, respectively, and the Fe-N amine bond distance shortens by 0.04(1) Å in 3 vs 1. This structural change, although not anticipated, can be attributed to differences in spin states.
Removal of a methylene unit from the ligand backbone of five-coordinate [Fe(III)(S 2 Me2 N 3 (Pr,Pr))]PF 6 (1) has a noticeable effect on its magnetic properties. (Et,Pr)-ligated 3 is S ) 1/2 over a wide temperature range, whereas 1 exists as a mixture of spin states at ambient temperature. This is illustrated in Figure 4 , which shows the 2-300 K temperature dependence of the inverse susceptibility, -1 , of (Pr,Pr)-ligated 1 vs (Et,Pr)-ligated 3. At low temperatures (Pr,Pr)-ligated 1 follows the Curie law, with a µ eff consistent with a low-spin S ) 1/2 ground state. However, at temperatures above 100 K an increase in the effective moment of 1 is observed due to the thermal population of a higher spin state. 12 Higher spin states are partially occupied at the temperature (183 K) of the X-ray structure determination. This -1 vs T data can be fitted to an S ) 1/2 f S ) 3/2 equilibrium, with a 300 cm -1 separation between states. A Boltzmann distribution analysis of this equilibrium indicates that ∼32% of 1 is S ) 3/2 at ambient temperature. In contrast, (Et,Pr)-ligated 3 is 100% S ) 1/2 at ambient temperature. As shown in Figure 4 , complex 3 follows the Curie law ( ∝ 1/T) over the entire temperature range examined (2-300 K), including the temperature at which the X-ray structure was determined. These differences in ambient temperature magnetic properties would be expected to influence reactivity (vide infra). The ground spin state assignment of 3 is supported by the low temperature EPR spectrum shown in Figure 5 . At 130 K both 1 and 3 are characterized by pseudorhombic S ) 1/2 EPR signals with g-values of 2.14, 2.07, and 2.01 (1) 51 and 2.12, 2.07, and (51) EPR spectra previously reported (ref 12) were measured in a MeOH/ EtOH glass. Recent data, however, suggest that 3 binds MeOH at low temperatures. To measure five-coordinate 1 and 3, spectra were measured in a noncoordinating solvent system, i.e., CH2Cl2/toluene. 12,13 Similarly, azide will bind to the more open site of 3 (Scheme 3). This reaction is irreversible in CH 2 -Cl 2 , THF, and MeCN. However, in MeOH this reaction is reversible (Scheme 3), and low temperatures are required to generate substantial quantities of 3-N 3 . The reversibility of this reaction was demonstrated by examining the variable temperature electronic absorption spectrum (Figure 6 ). Azide coordination causes the bands near 500 nm, associated with five-coordinate 3, to disappear, and two new bands at 760 and 470 nm to grow in. The band near 700 nm is characteristic of six-coordinate, low-spin, cis-dithiolate ligated Fe(III), 12, 41, 42, 45 and has been assigned as a sulfur-tometal charge transfer (LMCT) transition. 61 When this reaction is monitored by EPR in CH 2 Cl 2 /toluene glass, azide causes the signal associated with 3 to open up to a more near-axial pattern with g-values of 2.18, 2.15, and 1.98 ( Figure 5 ). These g-values are comparable to those of azide-ligated 1 (1-N 3 ) at 2.23, 2.15, and 1.98.
Previous studies had shown that azide binds reversibly to (Pr,Pr)-ligated 1 in MeOH, to a site which is trans to a thiolate sulfur, with a ∆H of -5.2 ( 0.5 kcal mol -1 and a ∆S of -12.4 ( 2.2 eu. 12 To quantitatively determine how the more distorted structure of 3, with its more open S1-Fe-N2 angle, influences its reactivity toward "substrates", the thermodynamics of azide binding to 3 (Scheme 3) were also examined. Thermodynamic measurements were performed according to Drago 52,53 under the same conditions ([I] ) 0.06 M in methanol) used to measure equilibrium constants for azide binding to (Pr,Pr)-ligated 1.
12 Equilibrium constants (K eq ) were determined at five different temperatures (Table 3 ; Figure 6 ), and a van't Hoff plot was used to interpret the data. It was determined that the reaction shown in Scheme 3 occurs with a ∆H ) -7.5 ( 0.6 kcal mol -1 and a ∆S ) -16.6 ( 2.5 eu. That the entropies of azide binding to 1 and 3 are nearly identical is not surprising, given that azide binding occurs through identical associative pathways for both 1 and 3. 54 The ∆H associated with azide binding to (Et,Pr)-3, on the other hand, is significantly more negative than that of (Pr,Pr)-ligated 1: an additional 2.3 kcal mol -1 energy is released when azide binds to 3 Vs 1. This translates into a nearly 10-fold increase in K eq at any given temperature. This increase in ∆H could be a consequence of a decrease in the stability of 3 relative to 1, an increase in the stability of 3-N 3 relative to 1-N 3 , or some combination of both. To gain insight regarding the relative energies of azide-ligated 1-N 3 vs 3-N 3 , and five-coordinate 1 vs 3, and to examine the barriers to azide binding to 1 vs 3, kinetic studies were performed. N3 (Et,Pr))(N3)]PF6 (3-N3) grow in at 760 and 470 nm, and a shoulder at 550 nm, corresponding to 3, disappears. The ratio of azidebound to five-coordinate 3 changes from 34% at 22°C, to 49% at 0°C, 67% at -15°C, 75% at -23°C, and 95% at -46°C. The rates for azide binding to 1 and 3 were determined under pseudo-first-order conditions at ambient temperature, using a stopped-flow instrument. In MeOH, rate constants for the reaction of 1 and 3 with azide were found to be nearly identical: k on ) 1.1 ((0.6) and 1.9 ((0.6) M -1 s -1 for 3 and 1, respectively. From the ambient temperature K eq and k on values, it was then possible to determine the rate constants for azide dissociation (k d ) from 1 and 3. Azide dissociation from 1-N 3 occurs an order of magnitude faster than it does from 3-N 3 , with k d ) 1.4 ((0.5) × 10 -1 (for 1-N 3 ) and 1.0 ((0.5) × 10 -2 s -1 (for 3-N 3 ). These rate constants are both much larger than one would expect for low-spin Fe III . This is not the case when, for example, azide is bound trans to a nitrogen as opposed to a sulfur. As an example, the lowspin complex [Fe III (S Me2 N 4 (tren))(azide)] + , 55 which contains azide bound trans to a nitrogen, displays no equilibrium toward the azide-free complex in MeOH, indicating that k d is extremely small. 56 This suggests that the trans thiolate increases the reactivity of both 3-N 3 and 1-N 3 by labilizing the azide. In fact, we recently described 59 the kinetics of ligand dissociation from the low-spin (S ) 0) Co III analogue of 1-N 3 , and demonstrated that the thiolate which is trans to the azide causes the rate of ligand dissociation to increase 4 orders of magnitude relative to substitution-inert (low-spin) Co III (H 2 O)(NH 3 ) 5
3+
. In this study, the relative rates of azide dissociation seem to indicate that the difference in equilibrium constants for azide binding to 1 and 3 in MeOH results from an increased stability of 3-N 3 vs 1-N 3 . However, since MeOH can effectively solvate azide, it is possible that these data (i.e., k on , and thus k d , since k d is calculated from K eq and k on ) predominantly reflect the desolvation of the coordinating azide anion, as opposed to an inherent increase in the stability of 3-N 3 vs 1-N 3 . Kinetics of reactions involving 3 in MeOH are also complicated by the fact that MeOH coordinates to 3, although this only occurs to a significant extent at temperatures below -20°C. 57 Complex 1, on the other hand, does not bind MeOH at temperatures above -173°C . To determine the extent to which solvation of azide by MeOH, and possibly coordination of MeOH to 3, affects the rates of azide binding to 1 and 3, kinetic measurements were performed in both a polar aprotic (MeCN) and a noncoordinating aprotic (CH 2 Cl 2 ) solvent. In acetonitrile, the rate of azide binding to 3 was significantly increased relative to that in methanol, with k on ) 5.9 ( 0.3 M -1 s -1
. In methylene chloride, the rate of azide binding to 3 was even faster, with
. The rates of azide binding to (Pr,Pr)-ligated 1, on the other hand, were essentially solvent independent (Table 4 ). The increased k on for azide binding to 3 in methylene chloride vs acetonitrile could be a result of coordination of acetonitrile to the metal center of 3. 57 The incoming azide would have to displace a loosely bound acetonitrile from 3, and this would be expected to decrease the rate of azide binding in this solvent. In fact, it has been shown spectrophotometrically that this is the case. 57 In contrast, MeCN has never been shown to coordinate to 1 at ambient temperature; therefore, azide would not have to displace MeCN from the open coordination site of 1, thus explaining why the rates of azide binding to 1 are nearly identical in CH 2 Cl 2 and MeCN. MeOH was also found to bind to 3 (and not to 1) at low temperatures; 57 however, the K eq for MeOH binding was found to be an order of magnitude smaller than K eq for MeCN binding (1.6(3) M -1 at -70°C), indicating that MeOH competes less effectively for this open coordination site than MeCN. This would suggest that the slower on rates in MeOH are mainly due to solvation of azide, as opposed to competition for the open site. The fact that on rates are identical for 3 and 1 in MeOH supports this. Since CH 2 Cl 2 would not be expected to coordinate to 3 or to solvate azide, the k on value in this solvent may be the closest to representing the coordination of naked azide to bare five-coordinate 3.
The results of these kinetic studies are summarized in Table 4 . 58 Most notable is that there is a substantial difference in k on Values for azide binding to 1 Vs 3 when the effects of a polar protic solVent (MeOH) are negated: rates are faster for azide binding to 3 relatiVe to 1. This is a consequence of either the more open S1-Fe-N2′ angle (the binding site) of 3 relative to 1 or differences in the LUMO (vs SOMO) orbital population (i.e., spin-state differences): with 3 azide approaches an orbital (d x illustrated in the ORTEP diagram of 3-N 3 in Figure 7 , azide binds trans to a thiolate sulfur (S2), which is similar to its mode of binding (i.e., trans to a thiolate) to (Pr,Pr)-ligated 1. Comparison of the metrical parameters for five-coordinate 3 and azide-bound 3-N 3 (Table 2) shows that the angle into which the azide is inserted (S1-Fe-N2) opens from 141.8-(1)°(in 3) to 167.85(5)°(in 3-N 3 ). These structural changes are more pronounced when azide binds to 1: with 1 the angle into which the azide is inserted opens by 40.2°1 2 (Table 2) . This supports the notion that structural distortion in 3 increases its substrate binding rates by decreasing the requisite structural rearrangement. As shown in Table 2 , the bond distances also lengthen upon azide coordination, just as one would expect upon the conversion of a five-coordinate (3) to a six-coordinate (3-N 3 ) compound. Changes to Fe-S1 relative to Fe-S2 indicate that azide does not exert a noticeable trans influence. Azide-bound 3-N 3 and 1-N 3 are structurally very similar. In both, the Fe(III) ion sits in a near-ideal octahedral environment. All angles, with the exception of N1-Fe-N2, are within 6.5°of each other, and bond lengths are nearly identical. This reflects, in part, the virtually identical magnetic properties of 3-N 3 and 1-N 3 . Thus, we have very little structural or physical evidence for significant differences in the relative energies of azide-ligated 3-N 3 vs 1-N 3 .
Conclusions
The work described herein demonstrates how subtle changes to a ligand backbone can dramatically influence the reactivity of a metal ion by distorting its geometry and altering its magnetic properties. Proteins have been shown to enforce unstable geometries (an entatic state) to, for example, enhance electron transfer rates and driving force. This work suggests that the reactivity of a metalloenzyme which is involved in binding substrates can be increased by opening an angle (via, e.g., protein constraints) and thereby (1) making the metal ion more accessible to substrates and (2) decreasing the structural reorganization required to bind substrate. In the model complexes described herein an angle change of ∼10°was shown to increase azide binding rates in CH 2 Cl 2 ∼3-fold and to shift the MeOH equilibrium between azide-bound and azide-free (five-coordinate) forms by ∼1 order of magnitude. This subtle angle change, which was induced by removing a single methylene unit from the ligand backbone, was also shown to alter the magnetic properties (i.e., the spin state). Spin-state differences would alter reaction rates by altering the LUMO (vs SOMO) orbital population. Solvent was also shown to have a dramatic influence on azide binding: a change from MeOH to MeCN (or CH 2 Cl 2 ) solvent was shown to convert a reversible reaction to an irreversible one. This illustrates how important the electrostatic and H-bonding character of the active site pocket can be in determining the kinetics and thermodynamics of substrate binding to a metalloenzyme. The (Et,Pr)-ligated Fe(III) complex described herein reacts with a variety of "substrates", including nitriles. These more extensive reactivity studies will be the subject of a future publication. 57 Acknowledgment. The NIH is gratefully acknowledged for their support (GM45881) of this work. We thank D. Gamelin for extremely helpful discussion regarding the magnetic behavior of 1, T. Okonogi for assistance with the EPR measurements, H. Jackson for assistance with the CV measurements, and W. Kaminsky for help with the X-ray crystallography.
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